In this review we speculate that the anti-apoptotic protein Bcl-2 may regulate calcium signals involved in mediating cell death. Evidence that Ins(1,4,5)P 3 -mediated calcium release from the endoplasmic reticulum triggers apoptosis in response to diverse signals is summarized. Also, we review evidence that Bcl-2 regulates calcium release from the endoplasmic reticulum, and speculate that Bcl-2 may interact either functionally or physically with Ins(1,4,5)P 3 receptors to modulate calcium signals that determine life or death decisions.
Introduction
This review explores the hypothesis that Bcl-2 regulates calcium signals that mediate apoptosis. Since Bcl-2 and Ins(1,4,5)P 3 receptors are both located on the ER (endoplasmic reticulum), it is intriguing to speculate that Bcl-2 might control InsP 3 -mediated calcium signals. Indeed, as summarized below, there is considerable evidence that InsP 3 -mediated calcium release from the ER can induce apoptosis, and that Bcl-2 can regulate calcium at the level of the ER. However, there is currently no published evidence for a regulatory interaction between Bcl-2 and InsP 3 receptors. We propose that such an interaction may exist, and are currently testing this hypothesis in our laboratory.
The ER and its role in calcium signalling
The ER is a multifunctional signalling organelle that controls a wide range of cellular processes. One of its primary functions is as a source of calcium signals that are released through InsP 3 receptors [1] . Calcium signals are involved in many processes, including apoptosis. Many agonists that induce increases in cytosolic calcium do so by stimulating the production of InsP 3 at the plasma membrane. InsP 3 diffuses through the cytoplasm and binds with high affinity and specificity to InsP 3 receptors located in the ER membrane. InsP 3 receptors open transiently in response to InsP 3 , releasing calcium from the ER lumen into the cytoplasm. Sarcoplasmic/endoplasmic-reticulum Ca 2+ -ATPase pumps located in the ER membrane maintain a high Key words: apoptosis, Bcl-2, calcium signalling. Abbreviations used: ER, endoplasmic reticulum; TCR, T-cell receptor; NFAT, nuclear factor of activated T-cells. intraluminal calcium concentration necessary for calciumsignal generation following InsP 3 receptor opening.
Role of InsP 3 -mediated calcium signals in apoptosis
In T-cells, antibody to the CD3 component of the TCR (T-cell receptor) induces InsP 3 -mediated calcium release from the ER, triggering either cell proliferation or apoptosis. Anti-CD3-induced calcium elevation activates the protein phosphatase calcineurin, which in turn stimulates translocation of the transcription factor NFAT (nuclear factor of activated T-cells) to the nucleus. NFAT increases expression of interleukin-2, which can either activate a prosurvival pathway through Akt-mediated elevation of Bcl-2 expression, or a cell extrinsic death pathway through increased expression of Fas [2, 3] .
While apoptosis induction following TCR stimulation is a well-defined form of cell death initiated by InsP 3 -mediated calcium elevation, InsP 3 -mediated calcium elevation also induces apoptosis in response to other types of signal. Repression of InsP 3 receptor expression in T-cell lines inhibited apoptosis induction not only by TCR stimulation but also by the glucocorticosteroid hormone dexamethasone and by ionizing radiation [4, 5] . Moreover, calcineurin activation is a critical step in apoptosis induction in growth-factordeprived fibroblasts [6] . Unlike antigen-induced cell death in lymphocytes, this cell-death pathway does not require new protein synthesis. Recent studies indicate that calciummediated activation of calcineurin leads to dephosphorylation of the proapoptotic Bcl-2 family member Bad, activating its translocation to mitochondria where it induces cytochrome c release and apoptosis [7] . Finally, calcium appears to be capable of directly activating the mitochondrial cell-death pathway. Recent studies by Hajnoczky et al. [8, 9] indicate that InsP 3 -linked mitochondrial calcium signals can drive apoptosis. Apoptotic stimuli induce a switch in mitochondrial calcium signalling by facilitating mitochondrial permeability transition pore opening and cytochrome c release in response to InsP 3 -mediated calcium spikes.
Bcl-2 family members and calcium regulation
Bcl-2, an integral membrane protein located on the ER and mitochondria, is a potent inhibitor of apoptosis, although its mechanism of action is not fully understood. A number of reports indicate that Bcl-2 inhibits calcium release from the ER [10] [11] [12] [13] [14] . Also, the Bcl-2 homologue Bcl-x L inhibits mitochondrial calcium waves initiated by InsP 3 -mediated calcium signals [9] . Furthermore, Bcl-2 binds calcineurin and thereby inhibits NFAT activation by calcium [15] .
Bcl-2 regulation of InsP 3 -mediated calcium release: a hypothesis
Based on the preceding evidence, we hypothesize that Bcl-2 may regulate apoptosis through an interaction, either functional or physical, with InsP 3 receptors. Through such an interaction, Bcl-2 could inhibit calcium signals that mediate both cell proliferation and apoptosis. It is well known that Bcl-2 expression is positively regulated by survival signals. Perhaps such signals provide a feedback loop to repress calcium signals in proliferating T-cells, thereby modulating immune responses and preserving cell viability.
